The equation of state, elasticity, and shear strength of magnesium oxide were examined to 227 GPa using synchrotron x-ray diffraction in a diamond anvil cell. Static compression, ultrasonic elasticity, and shock data for MgO from ambient pressure to above 200 GPa can all be described by x-ray diffraction was carried out using superconducting wiggler radiation [13]. Figure 1 shows a representative x-ray diffraction pattern. For MgO, the (200), (220), and occasionally (420) peaks were resolved. Pressures were determined from Mo diffraction lines using an isotherm derived from shock data [14]. The pressure-volume relation is shown in Fig. 2 . The range of stability 0031-9007/95/74(8)/1371(4)$06. 00
The reliability of equation of state determinations at large compressions is uncertain because the stress state at multimegabar static pressures is not well understood [1, 2] . Shear strength provides a fundamental description of a material's mechanical behavior, but little is known about this quantity under high static pressures [2, 3] . Upon compression, the stress state of all solids is nonhydrostatic when the sample has finite strength. If uncorrected, the presence of shear stresses can lead to systematic errors in the resulting bulk modulus and its pressure derivative [4, 5] . Shear strength effects can also introduce errors in measured pressures when secondary calibrants (e.g., ruby fluorescence or diffraction standards) are used [6] . As a result, there are typically discrepancies in equations of state determined by different techniques. In this study, we examine a low-Z prototype material (magnesium oxide) by x-ray diffraction at pressures above 200 GPa and provide the first determination of shear strength under such conditions. When this strength is taken into account, a single equation of state can describe ultrasonic, shock, and static compression data for this material. We show that it is possible to characterize material strength and elastic anisotropy at ultrahigh pressure directly from diffraction data.
Magnesium oxide is an ionic solid that has been widely studied at high pressure and is a prototype for developing and applying first-principles theoretical methods to oxides [7, 8] . MgO has also been extensively employed in the development of experimental methods for shear strength determination at low pressures (to 40 GPa) [5, 9, 10] (220) and (200) predicted by theory for MgO in the 81 structure has varied widely (100 -1000 GPa) (e.g., [7, 8] (Fig. 2) Using (3) - (6), the shear strength of the specimen can be related to the difference in the measured lattice parameters of the (200) and (220) The shear stresses calculated by this procedure (Fig. 4) indicate that MgO can sustain increasing shear stresses to at least 100 GPa. Our results are also consistent with static shear strengths determined in earlier, low pressure studies of MgO [5, 9, 10] (Fig. 4) . At higher pressure, we find that shear stresses continue to increase, reaching values of -10 GPa at pressures of 60 -100 GPa.
The two methods of shear stress determination yield consistent results. Those obtained using (7) (200) and (220) lattice parameters using the theoretical values for S (Fig. 4) . A quadratic fit to the shear strengths determined from the individual data points is shown in the figure.
This curve yields a minimum shear strength of 5 GPa at 100 GPa, increasing to at least 11 GPa at the highest pressure (227 GPa).
The second quantitative measure of the sample shear strength can be made from the pressure difference at a given volume achieved under nonhydrostatic and hydrostatic compression.
The hydrostat was taken from the fourth-order fit to the combined ultrasonic and shock data (Fig. 2) [1] A. K. Singh, J. Appl. Phys. 73, 4278 (1993) .
[2] R. Jeanloz, B.K. Godwal, and C. Meade, Nature (London) 349, 687 (1991) . The terms shear strength and shear stress will be used interchangeably here, although it is recognized that the material shear strength might be larger than our measurements if the maximum shear stress has not been achieved.
